Abstract. N 2 gas is s routinely used as seeding species in fusion plasmas to control the amount of power emitted from plasma by radiation to the tungsten walls of ITER-like divertor. Nitrogen atoms will interact with the plasma-facing materials beryllium and tungsten, and form chemical bonds with the wall surfaces, as well as with plasma hydrogen isotopes, thus raising a special interest in W-N and N-H interactions in the fusion community. In this work we describe the development of an analytical interatomic potential for W-N interactions and benchmark the potential against DFT calculation results for N defects in tungsten.
Introduction
Scientists around the world have been researching controlled fusion, aiming to utilize fusion power for the production of electricity, since the mid-1950s. It has been accompanied with extreme scientific and technological difficulties, but has still resulted in clear progress, though electricity production remains to be demonstrated. In theory, fusion sounds like an ideal energy source; fusing the hydrogen isotopes deuterium (D) and tritium (T) requires only small amounts of fuel, and releases vast amounts of energy with helium as the only by-product [1] , in addition to the neutron flow. In practise, unfortunately, controlled fusion has turned out to be a rather elusive target.
The main challenge of terrestrial thermonuclear fusion arises from the temperature requirements; in order to create a deuterium-tritium plasma, the fusion fuel has to be heated up to temperatures about ten times higher than the Sun's core. In tokamak reactors this plasma is confined and controlled by strong magnetic field in a toroidal chamber. Since magnetic fields do not hold neutral particles, such as neutralized plasma fuel particles and neutrons, the walls of an active reactor chamber are subject to continuous bombardment. Additionally, fragments of the plasma will unavoidably escape the confinement and come in contact with the reactor walls, a phenomenon called plasma-wall interactions (PWI) [2] . These interactions are among the biggest road blocks on our way to sustainable fusion reactor operation, causing erosion of wall materials, contamination of the plasma by the eroded species, and degradation of the reactor materials.
Currently the biggest experimental effort in the field of fusion research is the International Thermonuclear Experimental Reactor (ITER). ITER is an experimental fusion test reactor aiming to show that commercial energy can be produced from fusion [3] . The ITER plasma-facing reactor materials have been chosen based on numerous criteria and will contain beryllium (first wall) and tungsten (exhaust region, the divertor). As a consequence of the PWI, formation of mixed materials -alloys of unknown composition and propertiesis inevitable. This mixing can cause surprising material changes in the worst case leading to sudden operational failures.
Tungsten monocarbide (WC) and mononitride (WN) are getting more attention from physicists and material scientists due to their unique physical and chemical properties such as extreme hardness and chemical inertness [4] . Specifically, WN combines a high hardness with good electrical conductivity, and is considered as a promising meterial for manufacturing of ohmic contacts for microelectronics [5, 4] . There is a particular interest towards WN in the fusion community due to the plans to use N 2 or noble gases as seeding species to reduce the power loads on the tungsten divertor target in ITER. The seeding species will interact with the plasma-facing materials beryllium and tungsten, and, in the case of nitrogen, also form chemical bonds with the wall surfaces as well as with plasma hydrogen isotopes.
There exist few studies of nitrogen interacting with tungsten and plasma [6, 7, 8, 9] , and it has been found that only very small fractions of N are accumulated on the W surface and that N is bound in a nitride state [6] . According to experiments [10] , WN appears to exist in multitude of phases, and depending on the ambient temperature and the pressure of N 2 gas, the maximum atomic concentration of N in W is between 33 and 66 per cent [11] as shown in Fig. 1 . A phase diagram calculated with thermodynamical analysis [12] predicted a NaCl-type structure for tungsten subnitrites and a WC-type hexagonal phase for W x N 1−x , where x ≤ 0.5. It has also been observed that the accumulation of N on the surface decreases the physical sputtering of W due to the lower W concentration at the surface [6] . However, many basic questions, such as, the energy and temperature dependent retention of nitrogen implanted in tungsten, and the erosion of formed tungsten nitride by deuterium, are still open. This creates a need to better understand W-N and N-H interactions in the fusion relevant conditions.
Gaining this understanding requires studying the materials in such harsh environments, that experiments become difficult or impossible. Thus the need for using computer simulation techniques. One such technique is molecular dynamics simulations, which have proven very helpful in understanding different PWI processes, e.g. by identifying the swift chemical sputtering mechanism in the low energy bombardment of carbon and beryllium [13, 14, 15] . However, in order to be useful, the simulations require accurate potentials for every atomic interaction in the system of interest.
Since interatomic potentials for W-Be [16] and W-C-H [17] interactions have already been developed, the W-N potential is a new important piece of a potential puzzle, soon hopefully containing all most important interactions between the fusion reactor materials.
In this work we describe briefly the potential development process, present the parameters for new bond-order potential for W-N interactions, and test the potential for some defect properties in bulk tungsten.
Method

Potential formalism
The idea behind the bond order potential formalism used in this work was originally proposed by L. Pauling [18] already in 1960. Later the bond-order scheme has been shown [19] to resemble both the tight-binding [20] and the embedded-atom method [21, 22] . Previous studies (e.g. [19, 23, 17] ) provide comprehensive descriptions of the analytical bond-order potential (ABOP) method, so a brief overview should suffice here.
In the ABOP method, the total energy E of the system is expressed as a sum over individual bond energies:
Here V R ij and V A ij are the repulsive and attractive terms, respectively. The functional form of these is a Morse-like pair potential,
where D 0 and r 0 are the bond energy and length of the dimer molecule. S is an adjustable parameter here, but it has also a physical meaning [24] ; S < 2 is typical for semiconductors, S > 2 for metals, and S = 2 means Eq. 2.1 becomes a normal Morse potential. β is also related to the dimer properties according to
where k is the vibration wave number and µ the reduced mass of the dimer.
The cut-off function f c ij has a following form designed to restrict the interaction range:
Here, R and D are parameters determining the cutoff range and interval where potential value is smoothly reduced to zero. b ij in (eq. 1) is the bond order term, which includes the threebody interactions and angular dependence,
where,
Here µ ik is a fitting parameter and the angular function g ik has the form
where γ, c, d and h are again adjustable parameters. In order to make the potential suitable for high energy simulations also, a repulsive term was added to the total energy (Eq. 1) as explained in the Appendix.
DFT calculations
2.2.1. Building the fitting database for bulk properties In our fitting process the new ABOP potential was fitted to density functional theory (DFT) calculations of various existing and hypothetical tungsten nitride (WN) bulk phases: caesium chloride (CsCl), rock salt (NaCl), zinc blende (ZnS), tungsten carbide (WC) and nickel arsinide (NiAs). (NaCl and WC phased have been observed experimentally. [10] ) The results of these calculations can be seen in Table 2 .
DFT calculations were done using the Vienna Ab initio Simulation Package (VASP) [25, 26, 27, 28, 29] . In these calculations the projector augmented wave (PAW) method [30] was used as a plane-wave basis, and for pseudopotentials the local density approximation (LDA) potentials [31, 32] were used, both provided in the VASP.
The sampling of k points in the Brillouin zone was done with the Monkhorst-Pack scheme [33] with a mesh of 15 × 15 × 15. The integration over the Brillouin zone was carried out with the Methfessel-Paxton method [34] when relaxing structures, and the linear tetrahedron method of Blöchl et al. [35] to obtain accurate energies of relaxed structures. The energy cutoff value 400 eV was used for all bulk structures and as well as an accuracy threshold of 0.1 meV per atom for energy convergence. For completeness we tested our results also by using the Perdew-Burke-Ernzerhof (PBE) functionals [36] , these results closely matched with the LDA results shown in Table 2 with the exception of cohesive energies which were 10-20 per cent lower for all structures.
2.2.2.
Modeling N defects in W The DFT calculations for W-N defect systems were also performed with VASP. In this case the electron exchange-correlation was described with the generalized gradient approximation (GGA) and by using the Perdew-Burke-Ernzerhof (PBE) functionals.
The W-N simulation cell comprised of 128 lattice sites in bcc structure, and the k-point mesh was 3x3x3. The W and N electronic properties were calculated by keeping 6 and 5 outermost electrons in the valence, respectively. The energy cut-off was 450 eV, and the electronic structure relaxation convergence criterion was 0.1 meV. For the volumetric and ionic relaxation the conjugate gradient algorithm was used, and the relaxation was stopped after a convergence criterion of 1 meV/Å was reached. The migration barrier for N in W was calculated using the nudged elastic band (NEB) method [37] . The calculation parameters and convergence criteria were kept the same as in the ground state calculations.
Results and discussion
When performing the DFT calculations to generate the fitting database of different crystal structures for WN, the NiAs type crystal structure (shown in Fig. 2 ) was found to be the most stable phase, i.e. the ground state structure. The energy difference between WC and NiAs phase (-16.99 eV and -17.21 eV per formula unit, respectively) may seem rather small, but it was consistent between LDA and PBE methods (0.22 eV vs. 0.20 eV), as were all other relative differences between modelled phases. There are currently no experimental observations [10, 12] of this but the result is in accordance with previous DFT studies by Benhai et al. [38] and Suetin et al. [39] . A recent DFT work by Mehl et al. [9] tested a large number of different vacancy deficit structures for WN with three different DFT functional, and even though their results varied depending on the functional used, they seemed indicate that some of those more exotic structures might be more stable than the more regular crystal structures tested here. Testing how these structures could be modelled with our potential will be left as a future study for now.
The potential parameters shown in Table 1 were found by searching for parameters that reproduce the properties of structures included in the fitting database as close as possible, with special interest in the properties of the ground state. In this fitting process we utilized fitting code Pontifix [40] developed by Paul Erhart. When a satisfactory set was found, the potential was tested against some properties not included in the first automatized step and if not performing adequately, a new parameter set was investigated. More details about the fitting process can be found from [17, 16] .
The agreement of the W-N potential with the fitting data is seen in Table 2 . The lack of experimental data to compare with makes a comprehensive evaluation difficult. However, the structural properties for most of the structures in fitting data base were reproduced well with the ABOP, and for the ground state structure, the bulk modulus B and pressure derivative B were also in excellent agreement with the DFT results. Unfortunately for the elastic constants, the parameter set produced rather poor agreement. After numerous iterations through different parameter sets it appears that this is an unavoidable compromise.
One possible issue worth noting with this new potential parameter set is that, unlike the Be-W potential by Björkas et al. [16] and W-C-H potential by Juslin et al. [17] , this potential uses new W-W parameters by Ahlgren et al. [41] . Even though this choice makes it more difficult to use the new ABOP together with these older potentials, this was deemed necessary as the older W-W parameter have been shown to give too low defect formation energies and wrong self-interstitial atom configuration for W [41] .
The most interesting feature of a new potential is not its ability to describe features which it is fitted to describe, but how it performs in describing features outside it's fitting database. For this purpose we performed series of DFT calculations on interstitial and substitutional N in bulk W and then compared the results with the new ABOP.
In Table 3 we have compared the DFT and MD results for a monovacancy, N defects and some combinations of these in bulk W. The calculation of energy of a vacancy in W doesn't include N, so it doesn't use the new ABOP. The energy of the interstitial N is in very good agreement with DFT, whereas the binding energy between two interstitial N is underestimated with the new potential, because the interstitial distance (3.2Å) is longer than the cut-off for N-N interactions (2.5Å). However, since this cut-off value comes from the previously developed N-N potential [42] and increasing caused compatibility issues, we decided to keep it unchanged. The binding energy between a N atom and a monovacancy in W is 2.571 eV in DFT and 1.795 eV in ABOP, and for a second N atom added to the monovacancy, 2.431 eV and 1.729 eV, respectively. Both values are in reasonable agreement and remarkably reproduce the trend from DFT, as N1 and N2 have nearly equal binding energies with the monovacancy. By contrast, the binding energy for a third N is close to zero in DFT and clearly positive in the new ABOP. Even though this is poor agreement in a mathematical sense, for the physical properties the results agree; the binding energy is so small in DFT that the 3rd N is not stable at room temperature and only two N fit in monovacancy in tungsten.
We also tested the performance of the ABOP by performing NEB calculations of moving one interstitial N from one stable position to another in bulk W. The path and results are visualized in Fig. 3 . The energy barrier was 0.78 eV in DFT and 0.624 eV with the new potential, both the shape and height of the barrier being in good agreement between the two methods.
Conclusions
The new ABOP presented here is fitted to properties of set of different W-N bulk structures, matching well with the structural properties predicted by DFT calculations. When applying the potential to a topic outside its fitting database, our preliminary tests showed the new ABOP reproduced the DFT results of N defects in W with mostly excellent accuracy. This potential could be used to model the effects of N 2 seeding for ITER-like tungsten divertor. Next step will be to create potential parameters for W-H and N-H interactions also, allowing us to model the chemistry between the N 2 gas and plasma hydrogen isotopes as well as the PWI effects in divertor. 
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Appendix A. Modification of the repulsive potential
The repulsive part of the potentials was modified in a manner previously used for Tersoff-like many body potentials [19, 43] : A total potential V T ot was constructed by joining the original universal ZBL repulsive potential V ZBL (r) [44] with the equilibrium potential V Eq (r) using
where V Eq is the potential for states close to equilibrium described in the main text and the Fermi function
Note that the Fermi function is used here merely as a function which smoothly goes from 1 to 0 in a relatively narrow r interval, with no connection to the Fermi level of the electrons of the solid. The value of the constants b f and r f are manually chosen so that the potential is essentially unmodified at the equilibrium and longer bonding distances, and that a smooth fit at short separations with no spurious minima is achieved for all realistic coordination numbers. The parameters for each potential are found in table 1. The same parameters were also found to give a smooth fit to the dimer pair repulsive potential calculated with the DMol code [45] . Tables and table captions 
